Abstract: Shigella is an important human pathogen and is closely related to Escherichia coli. O-antigen is the most variable part of the lipopolysaccharide on the cell surface of Gram-negative bacteria and plays an important role in pathogenicity. The O-antigen gene cluster of S. boydii O1 was sequenced. The putative genes encoding enzymes for rhamnose synthesis, transferases, O-unit flippase, and O-unit polymerase were identified on the basis of homology. The O-antigen gene clusters of S. boydii O1 and E. coli O149, which share the same O-antigen form, were found to have the same genes and organization by adjacent gene PCR assay. Two genes specific for S. boydii O1 and E. coli O149 were identified by PCR screening against E. coli-and Shigella-type strains of the 186 known O-antigen forms and 39 E. coli clinical isolates. A PCR sensitivity of 10 3 to 10 4 CFU/mL overnight culture of S. boydii O1 and E. coli O149 was obtained. S. boydii O1 and E. coli O149 were differentiated by PCR using lacZ-and cadA-based primers. 
Introduction
Although Shigella and Escherichia coli were described about the same time over one hundred years ago, Shigella is a well known human pathogen causing bacillary dysentery, whereas pathogenic forms of E. coli were only recognized in the latter years of the last century. Escherichia coli and Shigella species have been historically treated as different species, but recent studies indicate that Shigella strains are in reality clones of E. coli, based on comparison of their housekeeping genes (Pupo et al. 2000; Lan and Reeves 2002) .
Shigella clones are classified by their O-antigens only, while E. coli clones are normally classified by a combina-tion of their O-, H-, and sometimes K-antigens. There are 166 distinct O-antigen forms in the E. coli scheme and 33 in Shigella, after allowing for some variants (Ewing 1986) . Thirteen overlaps are found between E. coli and Shigella (Ewing 1986; Parolis et al. 1997; Feng et al. 2004b ), including S. boydii O1 and E. coli O149 as inferred by serology.
O-antigen (O-specific polysaccharide), the most variable component of lipopolysaccharide (LPS), contributes the major antigenic variability to the cell surface. Variations of O-antigen, which comprise repeats of an O-unit of generally 2 to 7 sugars, are in the types of sugars present, their arrangement within the O-unit, and the linkage between repeat units. In Shigella and E. coli, the genes for O-antigen synthesis are normally clustered between 2 housekeeping genes: galF and gnd . The O-antigen gene cluster mainly consists of genes for nucleotide sugar biosynthesis pathways, genes for glycosyltransferase, genes for O-unit processing (O-antigen flippase gene (wzx) and O-antigen polymerase gene (wzy)), and sometimes genes for O-antigen acylation. Glycosyltransferase genes and O-unit processing genes are normally specific to the particular O-antigen.
Serological assay, using a boiled culture for O-antiserum production followed by agglutination tests on the test organism, is conventionally used for identification of O-serotypes of Shigella and E. coli strains (Ewing 1986 ). Our group, among others, has been working on DNA-based O-serotyping methods in Shigella and E. coli with an objective of developing a DNA-based typing scheme. Recently, a number of reports have shown that using PCR assays based on O-antigen specific genes can distinguish particular Shigella and E. coli O-serogroups (Wang et al. 1998; Wang et al. 1998; Wang et al. 2001a; D'Souza et al. 2002; Perelle et al. 2002; DebRoy et al. 2003; Fratamico et al. 2003; Feng et al. 2004a Feng et al. , 2004b Feng et al. , 2004c Tao et al. 2004) . As an alternative to the conventional serotyping assay, which is time consuming, subject to serological cross-reactions, and inaccurate because of the presence of smooth and rough forms of LPS produced by bacteria, the PCR method is accurate, sensitive, and rapid.
Although S. boydii O1 and E. coli O149 have identical O-antigens, the diseases caused by them and their host animal species are generally different. S. boydii O1 is a cause of dysentery in humans, and there were 185 laboratory confirmed isolates reported to the Centers for Disease Control and Prevention of the United States between 1988 and 2002 (CDC, Shigella surveillance: Annual Summary, www.cdc.gov). Enterotoxigenic E. coli (ETEC) O149 is the major cause of diarrhea in pigs (Wilson and Francis 1986; Blanco et al. 1997; Henton and Engelbrecht 1997; Frydendahl 2002; Maynard et al. 2003; Noamani et al. 2003; Osek 2003) , which is the main kind of meat consumed in some countries.
The O-antigen gene cluster of S. boydii O1
The O-antigen gene cluster of S. boydii O1 type strain G1228, which was obtained from the Institute of Medical and Veterinary Science, Adelaide, Australia, was amplified by PCR, sequenced, and the sequence data analyzed as previously described (Feng et al. 2004a (Fig. 1) . The sequence of length 371 bp between galF and orf1 (positions 739-1109) shares high-level identity (between 95% and 99%) to the sequences next to galF in S. boydii type 4, type 5, and type 9, and E. coli K-12 (O16), O6, O26, and O128. Within this region, a putative O-antigen gene cluster promoter sequence of TTGTTTCCA-GAGCGGATTGGTAAGACAATTAGCG was found between positions 904 and 937, and a highly conserved 39-bp JUMP-Start sequence of TAGTGCTCTGGTAGCTGTAAA-GCCAGGGGCGGTAGCGTG was found between positions 997 and 1035. There is an 83 bp noncoding sequence between the end of orf9 and the start codon of the gnd gene. No stem-loop structure sequence was found in this region as in E. coli O113 gene locus (Paton and Paton 1999) . The predicted functions of genes in S. boydii O1 are summarized in Table 1 , and the DNA sequence of S. boydii O1 O-antigen gene cluster has been deposited in GenBank under the accession number AY630255.
The O-antigen structure of S. boydii O1 has not been established, but is inferred to be identical to that of E. coli O149 from serological data (Ewing 1986 ). The chemical structure of E. coli O149 antigen has been reported ( Fig. 1 ) (Adeyeye et al. 1988) . Genes for the biosynthesis of sugars that are also involved in housekeeping functions are generally not duplicated in the O-antigen gene cluster, so only genes for the nucleotide sugar precursor of the sugar rhamnose were expected in the O-antigen gene cluster of S. boydii O1.
orf1, orf2, orf3, and orf4 of S. boydii O1 gene cluster were identified as rmlB (dTDP-glucose-4,6-dehydratase gene), rmlD (dTDP-L-rhamnose synthase gene), rmlA (glucose-1-phosphate thymidyl transferase gene), and rmlC (dTDP-4-keto-6-deoxyglucose-3,5-epimerase gene), respectively, by their high levels of identity to many rml genes, including those of E. coli K-12 and S. flexneri 2a (Nikaido et al. 1965; Macpherson et al. 1994) .
Orf5 and Orf7 were predicted as the only 2 membrane proteins in the S. boydii O1 gene cluster. Orf5 had 12 predicted well-proportioned transmembrane segments, which is a typical topology of Wzx. Orf5 was grouped with Wzx of S. enterica serovar Typhi and S. dysenteriae O7 using the BlockMaker program (Henikoff et al. 1995) , and 6 conserved domains (of length 33, 43, 46, 49×2, and 54 amino acid residues) were revealed. By inputting the consensus sequence of Wzx generated by BlockMaker program into the PSI-BLAST search of the Genpept database, other distantly related Wzx sequences were retrieved (E value = 6e -4 ) after 3 iterations, indicating that orf5 could encode Wzx, the O-unit flippase, and it was named accordingly. Orf7 had 10 predicted transmembrane segments with a large periplasmic loop of 48 amino acid residues, which is a typical topology of Wzy. Orf7 was grouped with Wzy of S. boydii O6 and E. coli O104 using the BlockMaker program, and 3 conserved domains (of length 23, 37, and 43 amino acid residues) were revealed. The result from the PSI-BLAST search indicated that orf7 could encode Wzy, the O-unit polymerase, and it was named accordingly.
The wecA gene, known to encode the transferase for adding UDP-GlcNAc as the first sugar in an O-unit, is located outside of the O-antigen gene cluster (Alexander and Valvano 1994) , so 2 transferase genes were expected in this gene cluster in the case of S. boydii O1. Orf9 was related to glycosyltransferase family 1 (pfam00534, E value = 2e -6 ), and shared 44% identity and 68% similarity to WbdS of the S. boydii O4 gene cluster. The only identical linkage between S. boydii O1 and S. boydii O4 antigens is L-Rha-β(1÷4)-D-GlcNAc. orf9 is proposed to be the transferase gene for this linkage and is named wbuV. Orf8 was found to be related to glycosyltransferase family 2 (pfam00535, E value = 4.1e -22 ), so orf8 is proposed to be the glycosyltransferase gene for the other linkage, D-GlcNAc-β(1÷3)-L-Rha, and is named wbuU.
The pyruvyl moiety is a rare addition to bacterial Oantigens (Knirel and Kochetkov 1994) . Orf6 shared 46% similarity to ExoV of Sinorhizobium meliloti (CAA80360) and PssM of Rhizobium leguminosarum (AAK77315), which are both putative pyruvyltransferases. orf6 is proposed to be (Adeyeye et al. 1988) . All the genes are transcribed in the direction from galF to gnd. (S)CH 3 CO 2 H 4 6, a pyruvic acid residue of S absolute configuration at the acetalic carbon atom is linked as acetal at positions 4 and 6 of a D-GLcNAc residue; GlcNAc, N-acetylglucosamine; and Rha, rhamnose. The O-antigen gene clusters of S. boydii O1 and E. coli O149 share the same genes and organization PCR was carried out for E. coli O149 type strain G1061, which was obtained from the Institute of Medical and Veterinary Science, Adelaide, Australia, using primer pairs based on the sequence of S. boydii O1 gene cluster for each adjacent gene (including the flanking genes galF and gnd). The respective PCR products from each primer pair were same in size in S. boydii O1 and E. coli O149. Sequencing was also performed for selected PCR products from E. coli O149, and all had the same sequence as their corresponding parts in S. boydii O1 (data not shown). This shows that the O-antigen gene clusters of S. boydii O1 and E. coli O149 share the same genes and organization, as do S. boydii O4 and E. coli O53 (Wang et al. 2001b) , S. boydii O5 and E. coli O79 (Wang et al. 2001b) , S. boydii O11 and E. coli O105 , and S. dysenteriae O7 and E. coli O121 (Feng et al. 2004b ). This appears to be a general situation for Shigella and E. coli strains sharing the same O-antigen forms. That the gene loci of 2 O-antigen forms have the same genes in the same order further establishes that S. boydii O1 and E. coli O149 have the same O-antigen structure.
Identification of genes specific for S. boydii O1 and E. coli O149
Pairs of primers based on the genes wzx and wbuU of S. boydii O1 O-antigen gene cluster were constructed (Table 2 ) and used to screen the DNA pools made from E. coli and Shigella type strains representing the 186 known O-antigen forms (Feng et al. 2004a) . Except for the pools containing S. boydii O1 and E. coli O149, respectively, which gave correct PCR products, none of the other pools had PCR products. We further tested these primers in 39 E. coli clinical isolates representing 13 different O-serogroups including O157, O26, O103, O145, O114, O172, O15, O23, O180, O175, O11, O28, and O100, which were kindly provided by Dr. Lothar Beutin, Division of Microbial Toxins, Robert Koch Institute, Germany, and which were described previously (Feng et al. 2004c; ). None of these clinical isolates produced any PCR products, while S. boydii O1 and E. coli O149 type strains produced correct bands. Therefore, genes wzx and wbuU were specific for S. boydii O1 and E. coli O149.
The sensitivity of the PCR assays were assessed by screening S. boydii O1 and E. coli O149 type strains in water samples using primer pairs wl-25/wl-26, wl-127/wl-128, wl-129/wl-130, and wl-131/wl-132 (Table 2) . Serial 10-fold dilutions (10 -1 to 10 -7 ) were made from the overnight culture and 1 µL of the each dilution was used as template for PCR. For either S. boydii O1 or E. coli O149, between 10 3 to 10 4 cells/mL, as determined by CFU on agar plates and depending on the primer pair used, could be detected (data not shown). As whole cells can be used as PCR template and the reaction gives positive result from less than 10 cells, the PCR assay described here is shown to be highly sensitive and rapid. While S. boydii O1 is a human pathogen, porcine ETEC O149 is also important. PCR assays based on wzx and wbuU may be potentially used for their detection and identification.
Differentiation between S. boydii O1 and E. coli O149
The PCR assay based on O-antigen specific genes is unable to differentiate between S. boydii O1 and E. coli O149, as in all of the reported cases for Shigella and E. coli strains sharing the same O-antigen forms. This is apparently because of the extremely high DNA identity between these groups of strains. For the establishment of a molecular typing system, it is necessary to develop PCR-based assays for the differentiation between O-antigen identical Shigella and E. coli, including S. boydii O1 and E. coli O149. In our previous study, an H-antigen fliC-based PCR method was developed for differentiation between O-antigen identical S. dysenteriae O7 and E. coli O121, based on the fact that a mutant fliC gene is present in S. dysenteriae O7 (Feng et al. 2004b). However, this method cannot be used for all O-antigen sharing groups since the genetic information on fliC mutation in some strains is not available at this stage.
Genes lacZ and cadA are commonly present in E. coli but absent in Shigella except for 2 cases: S. sonnei and enteroinvasive E. coli O124 clones (Ito et al. 1991; Maurelli et al. 1998; Day et al. 2001; Casalino et al. 2003; Fukiya et al. 2004 ). Three and two primer pairs were designed based on the consensus sequences of lacZ and cadA genes from E. coli, respectively, and were tested on the S. boydii O1 and E. coli O149 type strains (Table 3) . In E. coli O149, only the bands of correct size were detected. In contrast, S. boydii O1 produced no band with either pair of the primers. Therefore, S. boydii O1 and E. coli O149 can be differentiated using primers based on lacZ or cadA. The combination of PCR assays based on O-antigen specific genes, and lacZ and cadA, can ultimately identify S. boydii O1 and E. coli O149 strains. PCR assays based on lacZ and cadA may be further developed for the differentiation between other groups of O-antigen identical Shigella and E. coli. a Gene size and sequence positions refer to genes in E. coli K-12. b PCR templates were prepared as described (Feng et al. 2004c; Guo et al. 2004) . The PCRs were performed as follows: denaturation at 95°C for 30 s, annealing at the temperature as indicated for 30 s and extension at 72°C for 1 min, for 30 cycles. Table 3 . PCR testing of primers based on lacZ and cadA.
